Abstract-Women with a history of preeclampsia or eclampsia (seizure during preeclamptic pregnancy) are at increased risk for cardiovascular disease after pregnancy for reasons that remain unclear. Prospective studies during pregnancy suggest that inflammation, dyslipidemia, and insulin resistance are associated with increased risk of preeclampsia. Elevated serum C-reactive protein (CRP Ͼ3 mg/L) is an indicator of inflammation and cardiovascular risk. We hypothesized that Icelandic postmenopausal women with a history of eclampsia would manifest higher concentrations of serum CRP than Icelandic postmenopausal controls with a history of uncomplicated pregnancies. We also asked whether elevated CRP is associated with the dyslipidemia and insulin resistance previously identified in this cohort. CRP, measured by high-sensitivity enzyme-linked immunoassay, was higher in women with prior eclampsia (nϭ25) than controls (nϭ28) 
P
reeclampsia is a human pregnancy-specific syndrome that adversely affects the mother (by vascular endothelial dysfunction) and often the fetus (by intrauterine growth restriction, early delivery, and a 5-fold increased risk of fetal demise). 1,2 Eclampsia (seizure or coma unrelated to other cerebral conditions, usually heralded by signs and symptoms of preeclampsia) is a severe variant of the preeclampsia syndrome. 3 Although the defining characteristics of preeclampsia-hypertension and proteinuria developing after 20 weeks of gestation-typically remit within a few days after delivery, women with a history of preeclampsia have a 2-to 4-fold increased risk of developing hypertension, coronary artery disease, or stroke in later years. 4, 5 The increase in mortality from cardiovascular disease generally becomes evident 2 to 3 decades after pregnancy in women with a history of nonrecurrent preeclampsia, substantially later than women who have had preeclampsia more than once. 4 There are increasing indications that preeclampsia and later cardiovascular disease have a common pathogenesis involving vascular endothelial dysfunction promoted by underlying risk factors related to the insulin resistance (metabolic) syndrome, including hyperinsulinemia, dyslipidemia, chronic inflammation, obesity, and family history of cardiovascular disease. 1, [5] [6] [7] [8] [9] [10] [11] C-reactive protein (CRP) is an important component of the innate immune system. When measured by high-sensitivity assay, elevated serum CRP provides a sensitive biomarker of chronic systemic inflammation. 12 Over 20 large-scale prospective studies show that CRP is an independent predictor of future cardiovascular events. 12, 13 Evidence also implicates CRP, and thus inflammation, as a useful clinical measure for identifying risk of developing the insulin resistance syndrome, particularly in women. 14, 15 Serum CRP concentrations correlate positively with abdominal obesity, hyperinsulinemia, and other components of the insulin resistance syndrome. Nevertheless, associations of CRP with insulin resistance independent of obesity suggest that divergent pathways linking inflammation and insulin resistance are of importance, especially among nonobese individuals. 15, 16 Further, prospective studies have shown that individuals meeting criteria for the insulin resistance syndrome who have elevated CRP concentrations (greater than 3 mg/L) are at higher risk for cardiovascular events than individuals with the insulin resistance syndrome who do not have elevated CRP. 17, 18 We previously examined Icelandic postmenopausal women who experienced eclampsia during their reproductive years. 7 These women, 50 to 67 years old at time of reexamination, were matched for date of birth, age at pregnancy, and parity to Icelandic postmenopausal controls with only uncomplicated pregnancies. Compared to controls, women with a history of eclampsia had low-density lipoprotein (LDL) particles of smaller average diameter and higher plasma concentrations of apolipoprotein B, a dyslipidemic combination associated with an especially high cardiovascular risk. 19 These differences persisted after adjustment for body mass index (BMI), smoking, hormone replacement therapy or use of thiazide diuretics, ␤adrenergic blockers, or cholesterollowering drugs. The subset of Icelandic women who experienced hypertension in at least 1 pregnancy additional to the eclamptic index pregnancy displayed additional adverse changes, including increased diastolic blood pressure and decreased high-density lipoprotein (HDL) cholesterol. 7 With the advent of a reliable high-sensitivity assay for serum CRP, 20 we further analyzed this population, testing the hypothesis that postmenopausal women with a history of eclampsia have higher concentrations of CRP than postmenopausal women with a history of only uncomplicated pregnancies. We secondarily investigated whether elevated CRP was associated with dyslipidemia and surrogate measures of insulin resistance in these women.
Methods

Patient Population
The study was approved by the ethics committee of the Ethical Committee of Landspitali University Hospital and the Icelandic Data Protection Authority. All women gave written informed consent. The initial groups consisted of 30 Icelandic women with prior eclampsia and 30 Icelandic controls with an uncomplicated reproductive history. 7 Serum for CRP measurement was no longer available from 5 of 30 women with prior eclampsia and 2 of 30 controls with uncomplicated pregnancy history; these subjects were not included the present study. The inclusion/exclusion criteria, details of enrollment for reexamination and clinical characteristics of these groups have been described. 7 Briefly, women who had had eclampsia (defined as seizure in hypertensive pregnancy, without prepregnancy history of epilepsy or other convulsive disorders) were identified from review of medical records for the years 1931 to 1996 at the National Hospital in Reykjavik. Gestational hypertension was defined as having maximum blood pressure of at least 90 mm Hg diastolic and 140 mm Hg systolic before labor. Women with a history of hypertension before week 20 of gestation were excluded. The case study group fulfilled the criteria of having prior eclampsia, being postmenopausal at the time of reexamination, and being without evidence of prepregnancy renal, convulsive, or hypertensive disease. Unrelated controls who had a history of only uncomplicated normotensive pregnancies were matched to cases for date of birth, age at pregnancy, and parity. None of the women had a history of gestational diabetes mellitus.
The pregnancy characteristics of the 25 eclampsia cases and 28 controls did not differ substantially from the original 30 cases and 30 controls. 7 By definition, predelivery systolic and diastolic blood pressures were significantly elevated in the eclampsia group. The groups did not differ by mean years of age (eclampsia 24.4; control 24.5) or parity (percent multiparous: eclampsia 24%; control 25%) at index pregnancy. Mean diastolic blood pressure during the first half of pregnancy was slightly but significantly elevated, and fetal birthweight was significantly lower, in the eclampsia group as previously reported.
By design, women with prior eclampsia and controls did not differ at the time of reexamination with respect to years of age or the time interval from index pregnancy to reexamination ( Table 1 ). The postmenopausal groups did not differ by mean BMI, frequency of cigarette smoking, or serum estrogen, luteinizing hormone (LH) or follicle-stimulating hormone (FSH) concentrations, or use of estrogenic replacement therapy (Table 1) . Two women, both with a history of eclampsia, reported 3-hydroxy-3-methylglutaryl (HMG)-coenzyme A (CoA) reductase inhibitor (simvastatin) usage at the time of reexamination. The number of women with prior eclampsia according to type of antihypertensive medication was the same as previously reported (nϭ2 angiotensin-converting enzyme inhibitor; nϭ2 thiazide diuretic; nϭ2 beta adrenergic blocker; nϭ2 combined angiotensin-converting enzyme inhibitor and thiazide diuretic; nϭ1 combined beta blocker and thiazide; nϭ1 combined beta blocker and calcium channel blocker). One control was using a calcium channel blocker. One control who had been using a beta adrenergic blocker was excluded because of unavailability of serum.
Blood Collection and Analyses
Venous blood was obtained at the time of reexamination, after an overnight fast. Aliquots of serum and EDTA-plasma were stored at Ϫ70°C immediately after centrifugation until analysis. All analyses were performed blinded to the pregnancy diagnosis. Predominant LDL particle size (LDL diameter), total cholesterol, total triglyceride, apolipoprotein B, free (nonesterified) fatty acids, LDL cholesterol, HDL cholesterol, lipoprotein(a), insulin, and glucose had been measured as described. 7 CRP was measured by a high-sensitivity enzyme-linked immunoassay (ELISA). 20 In brief, microplate wells were coated overnight at 4°C with a rabbit antihuman CRP antibody (Dako Corp, Denmark). Potential nonspecific binding sites were blocked using 2% bovine serum albumin (BSA) and 0.05% Tween 20. Serum samples and recombinant CRP standards were diluted in physiological buffer (PBS) that contained 2% BSA. Diluted standards and samples were incubated in the microplate wells for 1 hour at room temperature and unbound proteins were washed with a PBS, 0.05% Tween 20 wash buffer. The wells were incubated with a polyclonal rabbit antihuman CRP antibody (1:500 dilution) conjugated to horseradish peroxidase (HRP) (Dako) for 1 hour at room temperature. After incubation, the microplate wells were washed again and incubated with a substrate for HRP. The amount of CRP was directly proportional to the amount of color in each well. The standard curve was linear from 0.2 to 10 ng/mL. The sensitivity of the assay was 0.2 ng/mL, and spike and recovery tests indicated 91% to 103% recovery. The intraassay variability was 3.9%, and interassay variability was 7.4%.
Statistical Analyses
Continuous variables are summarized for cases and controls by mean (standard deviation) for normally distributed variables or median (interquartile range) for skewed variables. Categorical variables are summarized by frequency (percentage) and were compared using Fisher exact test. In general, between-group univariate comparisons were conducted using 2-sample t or Mann-Whitney U tests, for parametric or nonparametric data, respectively. Linear regression was used to assess CRP as a continuous outcome variable, and a multivariable linear regression was performed considering BMI, smoking, hormone replacement, and current age as potential confounders. Because the CRP distribution was skewed, analyses were conducted after ln transformation to approximate normality, as confirmed by Shapiro-Wilk test, to meet criteria for linear regression. Nonparametric correlations of CRP with other blood variables, BMI, and blood pressure were evaluated by Spearman rho (r s ) correlation coefficient.
Comparison of the 2 subgroups of women with prior eclampsia (eclampsia-high CRP; eclampsia-lower CRP) versus controls with a history of uncomplicated pregnancy were done by ANOVA with Bonferroni post test or by nonparametric Kruskal-Wallis test with Dunn post test as appropriate.
Results
As shown in the Figure, 2) in which group differences approached but did not achieve significance. 7 As shown in Table 2 , HOMA insulin resistance index scores (not reported in our earlier study) were higher in women with a history of eclampsia, albeit marginally so (Pϭ0.06).
Systolic blood pressures were significantly higher in women with previous eclampsia compared to controls whereas diastolic blood pressures did not differ ( Table 1) . The percentage of women using antihypertensive medications at the time of reexamination was greater in the prior eclampsia group ([10/25 (40%)] versus 1/28 [4%], PϽ0.03). Apolipoprotein B concentrations were significantly elevated, whereas HDL cholesterol concentration and predominant low-density lipoprotein particle diameter were significantly lower, in the women with previous eclampsia compared to controls. Total cholesterol, LDL cholesterol, triglycerides, free fatty acids, lipoprotein(a), and glucose did not differ between the 2 groups ( Table 2 ). These findings were in accordance with our previous report. 7 Among the prior eclamptics, the following were significantly correlated with serum CRP: HOMA score (r s ϭ0.56, PϽ0.01), fasting insulin (r s ϭ0.53, PϽ0.01), systolic blood pressure (r s ϭ0.55, PϽ0.01), and free fatty acids (r s ϭ0.44, From the scatterplot of CRP values ( Figure) postmenopausal women with a history of eclampsia could be segregated into 2 evenly sized subgroups on the basis of very high risk (median 12.8 mg/L, range 9.0 to 40.6 mg/L, nϭ13) and lower risk (median 0.8 mg/L, range 0.05 to 3.8, nϭ12) CRP values. The eclampsia-high CRP and eclampsia-low CRP subgroups did not differ by BMI (Table 3) . As shown in Table 3 , however, the eclampsia-high CRP subgroup manifested several adverse lipid and insulin differences compared to controls with a history of normotensive pregnancyhigher fasting insulin and HOMA values, lower HDL cholesterol, and higher apolipoprotein B. In contrast, the eclampsia-low CRP subgroup did not show these differences from controls (except for marginally increased apolipoprotein B, Pϭ0.055). Systolic blood pressure was significantly elevated in the eclampsia-high CRP subgroup compared to controls (mean mm Hg [SD]: 148.1 [16.5] versus 130.0 [14.7] ; PϽ0.05) but not so in the eclampsia-low CRP subgroup (136.1 [13.9] ). Diastolic blood pressures did not differ between the 3 groups. The percentage of women currently using antihypertensive medications was substantially higher in the eclampsia-high CRP subgroup [62% (8/13)] than the eclampsia-low CRP subgroup (17% 2/12; PϽ0.05). The number of smokers (current or former) was fairly evenly distributed between the eclampsia-high CRP (3 current, 2 former) and eclampsia-low CRP (2 current, 4 former) subgroups.
The 12 women with a history of recurrent hypertension in pregnancy (hypertension in at least 1 pregnancy in addition to the eclamptic pregnancy) were equally represented within the high CRP (46% recurrent 6 ⁄13) and lower CRP (50% 6 ⁄12) subgroups. None of the historical gestational characteristics differed between the high and lower CRP subgroups.
Discussion
We report that Icelandic postmenopausal women with a history of eclampsia have higher median serum CRP values than Icelandic women with a history of uncomplicated pregnancies. These data are consistent with the hypothesis that the link between preeclampsia, including eclampsia as a severe variant, and later-life cardiovascular disease, consistently observed in contemporary epidemiological studies, 5 involves chronic inflammation.
By design, the groups in our study did not differ by age or parity at the time of index pregnancy or date of birth; nor did they differ by body mass index (BMI), percentage of smokers, or percentage using hormone replacement therapy use at the time of reexamination. The group difference in CRP remained significant after adjustment for BMI, smoking, hormone replacement, and age. CRP concentrations and BMI are highly correlated in the general population, suggesting that the 2 variables are on the same causal pathway involving inflammation. 13 BMI and CRP surprisingly did not correlate in our Icelandic women; however most of these women were nonobese (BMI Ͻ30).
One limitation of our study is that we did not have urinary protein levels, and thus could not confirm significant proteinuria, for several of the eclampsia cases. An appreciable percentage of women who develop eclampsia, however, do so without abnormal proteinuria before the abrupt onset of convulsions, despite having ruled out other neurological causes of convulsions. In such cases, eclampsia is sometimes heralded by other disturbances such as headache or visual disturbances. 3 Because eclampsia is a severe form of the preeclampsia syndrome, it is possible that there are differences in risk profile of women who have had eclampsia compared to other preeclampsia subtypes. A previous study found an elevated ratio of plasma interleukin (IL)-10 to IL-12, an index of proinflammatory cytokine status, in women 20 years after preeclamptic first pregnancy compared to women with a history of normal first pregnancy, independent of body mass index (BMI), smoking, or menopause status. Mean plasma CRP concentrations were nearly double in the group with prior preeclampsia in that study but the difference was not statistically significant. 21 Several, but not all, studies found a heightened inflammatory response as evidence by increased serum CRP [22] [23] [24] [25] [26] or proinflammatory cytokine concentrations 27 during the first or second trimester of pregnancy, before clinically evident preeclampsia. In many of the studies showing an association of CRP with risk of developing preeclampsia, the association was considerably attenuated after adjustment for prepregnancy BMI. 22, 24 Studies that matched on prepregnancy BMI have been inconsistent with regard to CRP and preeclampsia risk. 25, 26 The elevation in CRP attributable to pregnancy might transiently mask underlying CRP differences among women destined to develop preeclampsia compared to those not destined to do so. It is noteworthy, however, that elevated CRP (Ն4.9 mg/L) during the first trimester of pregnancy was independently associated with a 2.5-fold increased risk of developing preeclampsia in lean women (BMI Ͻ25 kg/m 2 ), but elevated CRP was not associated with a marked increase of preeclampsia risk in overweight women. 22 Taken together, these data suggest that pathways of low-grade, chronic systemic inflammation, some independent of obesity, are involved in the pathogenesis of preeclampsia/eclampsia and persist or reappear decades postpartum.
The association of serum CRP with cardiovascular risk in the general population is linear across a full range of high-sensitivity CRP assay values in a manner analogous to that of LDL cholesterol. 13 Concentrations of CRP between 5 and 60 mg/L define individuals at very high risk of future vascular events, whereas levels of Ͻ1 mg/L and 1 to 3 mg/L generally define low risk and moderate risk, respectively. 13, 17 Given that Icelandic postmenopausal women with history of eclampsia could be divided into 2 subgroups on the biological basis of very high-risk versus low/moderate-risk CRP values, we asked whether these subgroups differed on the basis of clinical characteristics, atherogenic blood lipids and surrogate measures of insulin resistance. We found that the eclampsia subgroup with high-risk serum CRP concentrations evidenced elevated systolic blood pressures (and pulse pressures), greater frequency of use of antihypertensive medications, reduced HDL cholesterol, and elevated fasting insulin and HOMA scores compared to controls with a history of uncomplicated pregnancy. The subgroup with low/moderate CRP values, however, showed none of these differences compared to controls. Furthermore, CRP was significantly correlated with insulin, HOMA score, and atherogenic lipids among prior eclamptics but not controls. Thus, inflammation appears to be closely linked to elements of the insulin resistance syndrome in postmenopausal women with previous eclampsia.
Fasting apolipoprotein B concentration, which provides an estimate of the number of circulating atherogenic lipoprotein particles, did not correlate with CRP and was the only blood variable elevated in both high CRP and lower CRP eclampsia subgroups compared to controls. Mean apolipoprotein B concentrations were greater than 120 mg/dL in both subgroups, a threshold predictive of ischemic heart disease even in the face of normal cholesterol concentrations. 19, 28 Further work is needed to determine the relative risk conferred by elevated apolipoprotein B in women with a history of eclampsia.
Studies of nonpregnant individuals have shown powerful relationships between measures of low-grade inflammation, including high-sensitivity CRP, and measures of insulin resistance in both seemingly healthy subjects and individuals with coronary heart disease. 15, 16 Although the causal pathways are uncertain, insulin resistance and dyslipidemia could represent adverse consequences of proinflammatory cytokines on insulin signaling and lipid metabolizing pathways. 29 We chose CRP over other inflammatory markers partly because of the relatively high within-person consistency of CRP levels over time (despite the fact that CRP can increase acutely due to ischemic stress or infection) 13 and because of its stability in frozen serum samples. Controversy exists over whether CRP plays a direct causal role in development of cardiovascular disease 30 but this has little bearing on its robustness as a marker for cardiovascular risk. Nevertheless, we cannot rule out the possibility that other biomarkers of inflammation would have yielded different results.
The effects of different antihypertensive medication classes on serum CRP concentrations are not well characterized but data from the Multi-Ethnic Study of Atherosclerosis (MESA) indicates slight CRP-lowering effects exerted by ␤blockers, angiotensin-converting enzyme inhibitors, and angiotensin II type I receptor blockers, whereas none of the other major antihypertensive classes showed statistically significant effects on CRP. 31 Therefore, it is unlikely that elevated CRP is caused by antihypertensive medications. Similarly, statins can reduce CRP levels, 32 but any such effects in the 2 women (both previously eclamptic) reporting statin use would only have lessened group differences.
There is no indication that Icelandic women have remarkably different rates of cardiovascular disease or eclampsia from what is observed in other Western populations. 33, 34 The seemingly high prevalence of smoking, 44% and 54% in cases and controls, respectively, merits comment. We could not obtain information about the exact prevalence of smoking in the general population during the time period of our study. However, it compares reasonably well with the reported prevalence of 41% among Icelandic women in the Reykjavik Study, a large-scale epidemiological study of cardiovascular and other chronic diseases that started in 1967. 33 Our study cannot address the issue of risk status of women with a history of either normal pregnancy or eclampsia in relation to the general female population. Indeed, several studies indicate a decreased frequency of adverse cardiovascular events in women with an uncomplicated reproductive history compared to the overall female population. 35 Passing the normal pregnancy "stress test" may identify a population more representative of a healthy phenotype than the population at-large. Nevertheless, the high CRP-prior eclampsia group had a remarkably adverse profile (69% with systolic blood pressure Ͼ140, 62% with HDL cholesterol Ͻ50 mg/dL, 62% using antihypertensive medications).
Finally, we cannot exclude the possibility that eclampsia was the cause of postpartum differences rather than a consequence of metabolic problems that antedated pregnancy. This distinction may be less important, however, if further studies were to confirm that subgroups of formerly preeclamptic women with elevated CRP and insulin resistance stand to benefit most from early and aggressive cardiovascular risk factor modification.
Perspectives
Examining postpartum women who have had preeclampsia offers a unique approach to investigation of the maternal contributions to preeclampsia and mechanisms of cardiovascular disease. These women appear especially prone to developing the insulin resistance syndrome later in life, and are at increased risk to develop hypertension, coronary artery disease, or stroke. On the basis of such data, it has been proposed that preeclampsia, including the severe variant eclampsia, be considered a 'red flag' identifying women who should have regular cardiovascular risk assessment and counseling about cardiovascular disease prevention beginning before menopause, and be offered treatment to reduce morbidity and mortality. 6, 36 Further study is needed to determine the extent to which early screening, not only for traditional risk factors such as cholesterol but also inflammation-related markers such as CRP, perhaps in combination with surrogate measures of insulin resistance, might facilitate preventative interventions in these women to reduce both risk for morbidity in subsequent pregnancies and risk of cardiovascular disease later in life.
